In this study, the syntheses of oxygen-free graphene sheets and the method of its fixation at an oil-aqua interface were presented. e graphene sheets were prepared by exfoliation of synthetic graphite powder in an aqua-organic medium under ultrasound irradiation. N,N-Dimethyloctylamine-(DMOA-) aqua emulsion was used as the liquid medium, and pH was equal to 3. e obtained graphene nanosuspension was fractionated by sedimentation and decanted according to the weight. e graphene nanoparticle fractions, differing in configuration and number of layers, have been characterized using transmission electron microscopy (TEM), electron diffraction, HRTEM, Raman spectroscopy, and electron energy loss spectroscopy (EELS). It was found that using a DMOA-aqua mixture as the liquid medium in ultrasonic treatment of synthetic graphite leads to the formation of oxygen-free 1-2-layer graphene sheets attached to the DMOA-aqua interface. e proposed method differs from known ones by using a small amount of more environmentally friendly organic substances. It allows to obtain large quantities of oxygen-free graphene, and finally unconverted graphite can be directed for reuse. e proposed method allows to obtain both 2D graphene sheets with micron linear dimensions and 3D packages with a high content of defects. Both these species are in demand in areas related to the development of new materials with unique electrophysical properties.
Introduction
In recent years, researchers and developers have shown great interest in 2D and 3D graphene, which is required for production of new raw materials that are in demand by production of sensors, new generation electronic devices, and energy storage [1] [2] [3] [4] [5] [6] [7] [8] . All these materials are needed for a variety of industries: noncarbon energetics, automotive, robotics, creating of the drones, new materials for aerospace and military sectors [9] [10] [11] [12] . Creation of cost-effective technologies for the production of sufficient quantities of high-quality raw materials requires the development of efficient and environmentally friendly methods of graphene sheet exfoliation. Lately, the method of ultrasonic liquid media exfoliation of graphene sheets from a graphite surface is recognized as the most technologically acceptable [13] [14] [15] [16] . Among solution phase exfoliation techniques, the aqueousbased exfoliation of graphite is one of the most promising ways to mass produce graphene at extremely low cost and minimal environmental impact [13, 17] .
e unique electronic, thermal, and mechanical properties of 2D and 3D graphene species are caused by their structure, formed by layers of sp 2 carbon atoms linked by covalent bonds in 5-and 6-membered rings [18] [19] [20] .
Typically, in most cases, graphene converts into graphene oxide in contact with oxygen as a result of transition of sp 2 carbon atoms into sp 3 state that impairs the electrical properties of materials [21, 22] . Conversion of graphene to graphene oxide is an irreversible process, and it is impossible to return an original structure and the electrical properties by reduction, the product of which is called a reduced graphene oxide [23] . For these reasons, the development of quantitative methods for the preparation of graphene is the subject of much research in the last few years [15, 17, [23] [24] [25] .
Alongside the mechanical cleavage based on the scotch tape approach, the liquid-phase exfoliation methods become more and more interesting because they are versatile and potentially upscalable and can be used to deposit graphene in the different mediums on the different substrates, which is impossible using mechanical cleavage. An exfoliation of graphene sheets is carried out by the impact of ultrasound on graphite, and as a result, graphene sheets peel off from a graphite surface and move into the liquid medium-most often aqua, wherein medium pH value was varied from acidic to alkaline [26] .
e different organic substances [18, 22, 27, 28] are used for stabilization of the graphene sheets and prevent their agglomeration. For example, exfoliation of graphene sheets was carried out in the aqueous solutions of alkaline lignin [22] , sodium dodecyl sulfate [29] , and sodium dodecylbenzene sulfonate [13] , as well as in organic solutions of imidazole [30] , 1-pyrenecarboxylic acid [31] , dimethylformamide [32] , mixture of benzene and hexafluorobenzene [16] , or heptane [33] , as well as the products of polymerization of styrene and divinylbenzene [34] .
e utilization of pristine graphene in composite materials would be advantageous due to the cost, but not due to the environmental impact of chemical modification, additional processing steps, and degraded properties [23, [34] [35] [36] . In review [37] , the authors conclude that the use of traditional solvents, such as perylene-based bolaamphiphiles, 7,7,8,8-tetracyanoquinodimethane, and coronene tetracarboxylic acids or pyrene-based hydrophilic dendrones, acetonitrile, and melamine additives for stabilization of the aqueous graphene suspensions is problematic due to their toxicity. erefore, the search for a new liquidphase system for efficient quantitative exfoliation of the graphene sheets is necessary [28] . However, the knowledge about the surfactant-assisted liquid phase exfoliation of graphite in organic solvents is still relatively poor [38] [39] [40] [41] . In order to differentiate a single or two-layer and multilayer graphene sheets, it has been proposed to use the ratio value of the I 0110 /I 1210 reflex intensities in electron diffraction pattern [42] . It was found that the appearance of moiré patterns on the surface of graphene nanoparticles on the TEM images is the result of periodic modulations (superstructure) on the surface of graphene with a small disorientation of the surface layers (1-9°) and interaction of two π-electron systems of neighboring layers [43] [44] [45] [46] .
3D graphene networks are of particular interest to developers of new materials for energy applications due to high specific surface areas, large pore volumes, strong mechanical strengths, and fast mass and electron transport [47] [48] [49] . In the same time, obtaining 3D graphene particles as versatile building blocks for bottom-up assembly of advanced functional materials is a very difficult problem, according to many researchers [50] [51] [52] . e development of cost-effective method for producing 2D and 3D graphene stacks with specified dimensions is promising for obtaining van der Waals heterostructures containing different semiconductors in the interlayer space [53, 54] . e noncovalent solution-phase methods are needed to produce oxygen-free graphene, and one such versatile and scalable method is exfoliation in liquid medium with use the organic compounds as solvents, for example, pyrrolidone derivatives, (perfluor)carbocyclic and heterocyclic hydrocarbons, and some oxygenates [27, [55] [56] [57] [58] [59] [60] [61] .
is paper presents the results of study on exfoliation of oxygen-free graphene from graphite in the N,Ndimethyloctylamine (DMOA)-in-aqua emulsion under ultrasound irradiation followed by fixation of the formed Advances in Materials Science and Engineeringsheets at the phase boundary, which is the surface of DMOA microdroplets.
e proposed method also differs from others by the mild conditions. ere is no need to use high temperatures and pressures, which are typical for the solvothermal process. is method of quantitative obtaining of graphene compares favorably with published preparative ones. (1) It is more environmentally friendly, since not using O-and N-containing cyclic compounds having a negative impact on the genetic system of staff working with them; (2) only water is used as solvent, and DMOA only creates an emulsion. Furthermore, this method is a cost-effective on energy, as low temperatures and short ultrasound exposure are used.
e developed process does not require much energy for DMOA removal during heat treatment due to its not too high boiling point compared to oleylamine, used as a solution in environmentally unfriendly chloroform [56, 62, 63] . e graphene nanoparticles fractions, differing in configuration and number of layers, were characterized by using TEM, HRTEM, electron diffraction, and EELS. e obtained graphene species in the form of 3D stacks selfassembled of 1-2-layer sheets is a promising semiproduct for the materials with strengthened charge transfer and high storage capacity due to the high defect density [64] [65] [66] .
Experimental Section

Synthesis of Graphene Sheets.
In the present work, the graphene sheets were obtained by exfoliation from a surface of powdery synthetic graphite (produced by Processing Science, Russia) in a liquid medium under the ultrasonic exposure. e initial graphite powder had a particle size of 600-800 microns and a purity of 99.99%, while the impurities presented as sulfur (less than 10 ppm) and chloride ions (10 ppm). A batch of graphite powder was mixed with deionized water produced in a reverse osmosis Raifil system. DMOA was used for stabilization of graphene suspension, and DMOA/aqua volume ratio was 1/10. e ultrasound treatment of graphite powder in an organic-aqueous medium was carried out with air in Sonoswiss SW1H ultrasonic bath with power 200 W at a temperature of the liquid phase about 60°C. e duration of ultrasonic treatment of graphite was 10 hrs. e pH value of the medium was equal to 3 by adding HNO 3 .
Graphene Species Characterization.
e obtained fractions of graphene nanoparticles differing in configuration and number of layers have been characterized using TEM, HRTEM, Raman spectroscopy, electron diffraction, and EELS. TEM and selected area electron diffraction studies of obtained graphene species were carried out with use of the LEO-912 AB OMEGA electron microscope operating at 100 kV. HRTEM and EELS data were obtained on the JEM 2010 instrument (JEOL Ltd.) equipped with energy dispersive spectrometry (EDS; Inca, Oxford Instruments) and electron energy loss spectrometry (EELS; GIF Quantum, Gatan Inc.) attachments; accelerating voltage was 160 kV.
e thickness and the number of layers in the flakes were calculated based on 5-10 measurements on each of 5-6 TEM or HRTEM microphotos for each graphene suspension sample. e Raman spectra were excited by 0.5145 mm laser radiation at room temperature and recorded using a Raman spectrometer on the basis of the TRIAX-552 spectrograph with a confocal microscope and a SPEX10 TE-cooled CCD camera: 2kBUV with the spectral resolution of 1 cm 
Results and Discussion
Usually, exfoliation results in the formation of 2D sheets consisting from 1 to 10 layers as well as 3D sheets, which include more than 10 differently oriented graphene layers. DMOA was used for the stabilization of obtained graphene suspension and the formation of oil-in-aqua emulsion, in which separated graphene sheets were fixed on the DMOA microdroplets' surface due to van der Waals forces [67] .
e choice of DMOA is determined by the fact that its volumetric and mobile HC fragment creates significant steric hindrances for the consolidation and compaction of the graphene particles and reconstruction of graphite structure. Advances in Materials Science and Engineering Figure 1 shows the mechanism for the formation of graphene sheets and their fixation on DMOA droplets' surface in the acidified oil-in-aqua emulsion. e surfactantassisted liquid-phase process of obtaining a graphene suspension from graphite powder involves 3 steps: (1) swelling of surface graphite layers in an acid medium under ultrasonic irradiation (USR) and exfoliation of the carbon layers from the graphite particles, (2) dispersion of obtained surfactant-coated graphene sheets in an exfoliating medium, and (3) stabilization of a resulting suspension. e first stage begins with the attack of nitrate ions to the edge sites of graphite particles, and then, the intercalation of nitrate ions occurs into graphite interlayer spacing followed by its expansion [37, 68] . During this stage, the water molecules may cointercalate with the nitrate anions, and as a result, a detachment of graphene sheets occurs.
In the second stage, quaternary (protonated) nitrogen atoms of DMOA molecules and sp 2 carbon atoms of graphene sheets interact via the Coulomb force [69, 70] , and the formed associates are removed from the graphite surface to the exfoliating medium by the "sliding" mechanism. Finally, in the third step, graphene colloid stabilization takes place due to fixation of the carbon sheets on the surface of DMOA nanodroplets by van der Waals interaction. Herewith, a partial self-assembly combination of some 1-2-layer sheets occurs with the formation of covalent carbon bonding between the separate graphene sheets. DMOA accelerates the physical binding of graphene sheets by interacting of their sp 2 -electrons with the quaternary ammonium cation and promotes the removal of graphene sheets from exfoliation region to liquid substrate. For comparison, the insets show Raman spectra of the original synthetic graphite and graphene prepared with a high concentration of defects ( Figure 1) .
After 12 hr sedimentation, the stabilized graphene suspension was decanted to obtain three fractions: light (Gr 0 ), middle (Gr 1 ), and heavy (Gr 2 ), which were investigated differentially ( Figure 2) .
Figures 3(a) and 3(b) show that an organic dispersed phase in the aqua-DMOA colloid consisted of droplets with partial dark coating. A droplet's diameter was from several nanometers to 50 nm wherein the predominant particle sizes were 15-30 nm. Electron diffraction pattern (Figure 3(c) ) corresponds to 1-2-layer graphene. Apparently, graphene supracolloidal structures were absorbed onto the surface of 6 Advances in Materials Science and Engineering dispersed phase droplets as in Pickering emulsions [71] and keep the droplets contour after their drying. As a result, the thin sheet layers were formed on the DMOA-aqua interface and repeated the dispersed droplet forms. e drying of samples in the preparation mixing occurs simultaneously with the formation of a graphene layer that follows the dispersed droplets contours. In addition to the coating of the dispersed colloidal particles, graphene also presented as thick 3D sheets, inside of which the cavities from dispersed phase droplets were kept (Figure 3(b) ). According to EELS analysis, graphene oxide was absent in the obtained graphene (Gr 0 ): 532 eV peak corresponding to oxygen does not appear in the spectrum (Figure 4) . At the same time, peak at 284 eV corresponds to 1s→π * transition [72] , denoting the presence of C sp2 .
e obtained graphene was also characterized by HRTEM using a support for application of a suspension drop. A lot of sheets were folded, making it possible to count the number of layers in the image shown in Figure 5 (a). It can be seen a wide distribution in linear sizes of graphene nanoparticles (1-6 nm), which are randomly fixed on the support. Due to the folded structure of graphene sheet edges, it is possible to evaluate the thickness of graphene layer. e layer thickness was about 0.6-0.7 (±0.1) nm, that in accordance with the previously published data [19, 73] corresponds to 1-3 layer graphene, and the majority of sheets consist of 2-5 layers (Figure 5(a) ). Herewith, the interlayer distance was less than 0.5 nm, indicating an absence of the modified atoms or groups [73] . ese results are confirmed by electron diffraction pattern ( Figure 5(b) ), which corresponds to the set of differently oriented 2-3-layered nanoparticles.
Figures 6(a) and 6(b) show TEM microphotos of the graphene films obtained from the decanted liquid substance after graphene-containing colloid sedimentation during 12 hrs (Gr 1 ). As the result of drying on a polymer substrate of the TEM spectrometer, they were attached to one side edge of the support grid (Figures 6(a) and 6(b) ), possibly due to statics [42] .
e layer thickness measured at bends (Figure 6(a) ) corresponds to 12-36 monolayers of graphene.
e films had not a planar configuration and took the form of randomly deformed layers, which increases their thermodynamic stability by minimizing the surface energy at room temperature.
e random bends of the film are caused probably by its variable thickness and defects randomly distributed in the layers [74, 75] .
e electron diffraction pattern shows multidirectional orientation of the layers, the absence of their preferred orientation in the film, and their variable thickness (Figure 6(c) ). However, also observed were areas of single-layer graphene (Figure 6(d) ) to which the reflection intensity ratio values correspond to I {1010} /I {2110} >1 and I {0110} /I {1210} >1.
Figures 7(a) and 7(b) show the microphotos of graphene clusters from the Gr 2 fraction with side size about 200 nm, electron diffraction pattern of which corresponds to the hexagonal crystal lattice (Figure 7(c) ). Figure 7(b) shows the moiré pattern, indicating that, in this block, individual sheets are so distant from each other, that do not interact, but they create the conditions for modulation of vibrations of one carbon atom layer by closest neighboring layer.
As known [19] , this effect is caused by displacement of one graphene layer relative to the other by a certain angle due to the mutual repulsion of sp 2 electron orbitals. e calculation showed that formed hexagonal superstructure has the lattice constant equal to 1.98Å. In the electron diffraction pattern (Figure 7(c) ), the reflection intensity ratio value was I {1120} /I {2110} >1 which corresponds to monolayer graphene [44, 76] . e heavier fraction Gr 2 consists of graphene clusters as tapes having a few rectilinear kinks and total length up to 3 mkm (Figure 8(a) ).
e TEM microphoto shows the several graphite nanoparticles with sizes ranging from a few to 200 nm, to which these tapes are attached. e thickness of these tapes near the kinks was 4-8 nm, which corresponds to 6-12 layers (Figures 8(a) and 8(b) ). e observed moiré patterns on TEM microphotos indicate that a significant proportion of the layers have the properties of a monolayer (Figure 8(c) ).
e regions with a large number of layers are also seen (Figure 8(d) ), and electron diffraction pattern confirms this fact (Figure 8(e) ). e microphotos (Figures 8(b) and 8(c) ) show the tapes with smaller dimensions and different orientations within the graphene layers. Due to this, a significant proportion of the layers are removed from each other at increased distances, which reduces their interplanar interaction. erefore, a significant proportion of the layers in the film have the properties of 1-2 layers of graphene, which is manifested in the appearance of moiré and in the electron diffraction pattern (Figures 8(b) and 8(c) ). Furthermore, the multilayer nanoparticles with the dimensions reaching several tens of nanometers were observed in most heavy fraction too (Figure 8(d) ). In the latter case, the electron diffraction pattern shows the multiplication of hexagonal pattern (Figure 8(e) ) which occurs due to the mechanical stresses that appear during the formation of graphene sheets folds. As a result, the electron density changes, and the probability of electron transitions between neighboring carbon atoms increases, which creates effective electric and magnetic fields within the graphene sheets [77] .
HRTEM data of the Gr 2 fraction show that the stacks on instrument substrate are more densely packed and more regularly oriented. 3D stacks with the number of layers more than 3 predominate in this graphene fraction (Figure 9(a) ), wherein the thickness of each layer is equal to 1.0 (±0.1) nm. Electron diffraction pattern also corresponds to the multilayer graphene with partially disordered arrangement of layers ( Figure 9(b) ). us, electron diffraction and HRTEM data are in agreement.
Conclusions
We have developed the synthesis of the oxygen-free graphene sheets with followed their fixation at the DMOA-aqua interface. Graphene sheets were prepared by sonochemical exfoliation of synthetic graphite powder in the organic-aqua medium. A DMOA-aqua mixture was used as the liquid medium, and pH of aqua dispersion medium was equal to 3.
e advantages of our approach are due to the fact that, firstly, DMOA was used in the small amounts, and under appropriate conditions of the technological process, its absorption and recycle are possible. Secondly, DMOA is optimal reagent, as it is cheaper than amines with longer hydrocarbon chain. irdly, DMOA has the lowest boiling point among the ones with longer hydrocarbon chains, making its removal from the product easier; at the same time, DMOA is less volatile than lighter amines.
e obtained graphene nanoparticles were fractionated by sedimentation and decanting according to the weight. e graphene nanoparticles fractions, differing in configuration and number of layers, have been characterized using TEM, HRTEM, electron diffraction, and EELS. It was found that using a DMOA-aqua mixture in ultrasonic treatment of synthetic graphite leads to the formation of oxygenfree 1-2-layer graphene sheets (2D structure, membrane) attached at the oil-aqua interface. e proposed method differs from the known ones by a small amount of more environmentally friendly used organic substances; it allows to obtain large quantities of oxygen-free graphene, and finally unconverted graphite can be directed for reuse. e proposed method allows to obtain both 2D graphene sheets with micron linear dimensions and 3D packages with a high content of defects. Both these species are in demand in areas related to the development of new materials with unique electrophysical properties.
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